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Abstract

Outbreaks of Rift Valley fever (RVF), a relatively recently emerged
zoonosis endemic to large parts of sub-Saharan Africa that has the
potential to spread beyond the continent, have profound health and
socio-economic impacts, particularly in communities where resilience
is already low. Here output from a new, dynamic disease model [the
Liverpool RVF (LRVF) model], driven by downscaled, bias-corrected cli-
mate change data from an ensemble of global circulation models from
the Inter-Sectoral Impact Model Intercomparison Project run according
to two radiative forcing scenarios [representative concentration path-
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way (RCP)4.5 and RCP8.5], is combined with results of a spatial
assessment of social vulnerability to the disease in eastern Africa. The
combined approach allowed for analyses of spatial and temporal varia-
tions in the risk of RVF to the end of the current century. Results for
both scenarios highlight the high-risk of future RVF outbreaks, includ-
ing in parts of eastern Africa to date unaffected by the disease. The
results also highlight the risk of spread from/to countries adjacent to
the study area, and possibly farther afield, and the value of considering
the geography of future projections of disease risk. Based on the
results, there is a clear need to remain vigilant and to invest not only
in surveillance and early warning systems, but also in addressing the
socio-economic factors that underpin social vulnerability in order to
mitigate, effectively, future impacts.

Introduction

The health effects of future environmental, including climate,
changes are projected to be substantial, often negative and to vary geo-
graphically (Costello et al., 2009; Curtis and Oven, 2012; McMichael et
al., 2012; Semenza, 2014). The effects will be felt most acutely among
the poorest members of society, who already carry a disproportionately
high share of the burden of environmentally sensitive diseases
(Campbell-Lendrum et al., 2015). Environmental change will impact
health in a multitude of ways. Concern has, however, tended to focus
on the future distribution and spread of infectious diseases, and in
particular the negative health impacts of changes in transmission and
outbreaks of vector borne diseases (VBDs). The impacts may be direct,
in terms of outbreaks of disease among human populations, or indi-
rect, in the form of outbreaks of diseases that affect domesticated ani-
mals or plants, and therefore jeopardise food security, agriculture-
based economic activities and trade. Many of the diseases of greatest
concern are zoonotic (Jones et al., 2013), i.e. they normally circulate in
vertebrates other than humans but possess the potential to infect peo-
ple. Moreover, climatically tropical parts of the world are foci of zoonot-
ic outbreaks (Jones et al., 2008), an association that, on face value at
least, would appear to have major implications for biosecurity in more
temperate parts of the world under conditions of a warming Earth
(Barker, 2012).

Pathogens that spend time outside the human body, and any organ-
isms involved in their transmission (vectors and intermediate hosts),
have particular environmental requirements. For example, arthropod
vectors (e.g. mosquitoes) are only able to regulate their internal tem-
perature by changes in behaviour and distribution (Lindsay and Birley,
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1996). Accordingly, variations in ambient temperature could trigger a
complex of responses, potentially including changes in behaviour, dis-
tribution and population dynamics. Variations in pathogenicity are also
likely. Rainfall also impacts transmission and outbreaks of VBDs such
as malaria (Gubler et al., 2001), dengue (Degallier et al., 2010) and Rift
Valley fever (RVF; Linthicum et al., 1999). High levels of precipitation
can increase the extent of suitable habitat for water-related vectors
such as mosquitoes, while raised humidity can increase vector survival
rates. Conversely, high levels of rainfall can lead to reduced vectorial
capacity (Paaijmans et al., 2009), for example by making oviposition
impossible (Day et al., 1990). Low rainfall, by reducing river flow and
by encouraging the storage of water close to houses, can also expand
habitats (Pontes et al., 2000; Kovats et al., 2003). Climate conditions
may also have indirect effects on infectious disease burdens. Prolonged
drought may necessitate the sharing of available surface water
resources with livestock, thereby increasing transmission opportuni-
ties for zoonotic diseases (Blancou et al., 2005) and rendering those
infected yet more vulnerable to other drought related ailments, while
flooding can seriously undermine the effective provision of health serv-
ices, as experienced during recent outbreaks of RVF in eastern Africa
(Jostet al., 2010). Aside from climate, changes in land use can also dra-
matically influence the dynamics of infectious diseases (Gottdenker et
al., 2015).

The cause and the effectiveness of responses to disease outbreaks is
determined by a complex of factors that extend beyond the biology and
ecology of the vector and pathogen to include, for example, the immu-
nity and resilience of the host, standard of sanitation, quality of hous-
ing, poverty, accessibility and quality of health care, movement of peo-
ple and animals, level of education and awareness of the disease. This
complex frames vulnerability to a VBD (Scott et al., 2012). Accounting
for the complex of factors underpinning social vulnerability, or what
Lambin ef al. (2010) term the pathogenic landscape, is crucial to mean-
ingful estimates of the risk of an infectious disease (Weiss and
McMichael, 2004), while also highlighting where interventions aimed
at reducing exposure or boosting resilience might be most effectively
targeted (Kienberger and Hagenlocher, 2014). Moreover, any response
that does not deal with the full range of factors contributing to vulner-
ability of the population runs the risk of more deeply entrenching an
epidemiology of inequality — the socio-economic inequalities that lead
to sickness and poor health (Sparke and Anguelov, 2012).

Sub-Saharan Africa is commonly regarded as one of, if not the,
world’s most vulnerable regions to the health impacts of climate
change (Bartlett, 2008; Bernstein and Myers, 2011). The HEALTHY
FUTURES project focused on sub-Saharan, eastern Africa, and in par-
ticular the five member states comprising the East African Community
(EAC), and three VBDs. Two of the VBDs studied, malaria and schisto-
somiasis, have a major impact on human health in the study region,
and more broadly in sub-Saharan Africa. The third VBD, RVF, is an
acute zoonosis caused by a virus (RVFV) belonging to the genus
Phlebovirus of the family Bunyaviridae (Martin et al., 2008) that mainly
impacts livestock in affected areas but that can also cause illness, and
death, among humans. Regarded as endemic to large parts of sub-
Saharan Africa, RVF has also been recorded from north Africa (Egypt),
in addition to the Middle East and the island of Madagascar (Figure 1).
The disease has the potential for global spread, as demonstrated by its
recent rapid range expansion, the large number and wide distribution
of competent vectors, the broad ecological tolerance of the RVF virus
(RVFV), the intense viraema associated with infection and an exten-
sion of suitable habitat as a result of environmental change (Gerdes,
2004; Weaver and Reisen, 2010; Sindato et al., 2014).

The main RVFV activity occurs in forest edge and bushed and wood-
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ed grassland habitats, with the most severe outbreaks associated with
bodies of shallow, standing water (Peters and Meegan, 1994). The lat-
ter may be linked to unusually high levels of rainfall, as in eastern and
southern Africa, or to land use, particularly large irrigation schemes, in
drier, northern and western parts of the continent (Chevalier et al.,
2004). The RVFV is mainly transmitted by arthropods and, more rarely,
through contact with blood and other bodily fluids from infected ani-
mals. Although a large number of potentially competent arthropod vec-
tors of RVFV have been identified (Gerdes, 2004; Turell et al., 2010,
Chevalier et al., 2010; Tantely et al., 2015), two genera of mosquito are
principally involved in transmission. These are members of Aedes (the
reservoir vector, generally thought to be responsible for maintaining
the disease through the inter-epizootic period in endemic areas,
including through vertical transmission from adult to egg) and Culex
(the amplifying vector, members of this genus must bite an infected
host in order to become infected and are responsible for the rapid
spread of RVF associated with epizootic outbreaks) (Anyamba et al.,
2010). There is some evidence that the RVFV may influence behavior
of vectors in such a way that enhances transmission rates. Gad et al.
(1989) suggest that mosquitoes infected with the virus are less able to
engorge with blood, and therefore are likely to probe and feed off a host
more frequently.

Aedes and Culex taxa differ in their breeding site preferences and
therefore in their response to rainfall. Thus the eggs of Aedes spp.,
oviposited on damp ground at the sloped edge of wet depressions, can
remain viable in the soil for months even years before hatching follow-
ing a re-wetting of the substrate (Pépin et al., 2010). By comparison,
Culex taxa lay their eggs on the surface of standing water, and there-
fore greatly increase in abundance following flooding (Bird et al,
2009). Epizootic outbreaks are highly episodic, with a periodicity of 10-
15 years that rises to more than 30 years in the most drought prone
areas (Gerdes, 2004) and are associated with unusually prolonged peri-
ods of heavy rain that generates suitable breeding sites for Culex spp.
(Beaty and Marquardt, 1996). In Africa, prolonged periods of anom-
alously high levels of rainfall, and heightened activity of RVFV, are often
associated with the El Nifio Southern Oscillation (ENSO, EI Nifio in
eastern and La Nifia in southern Africa) (Anyamba et al., 2014).

Among domesticated ungulates RVFV causes substantial morbidity
and mortality and, particularly in sheep, levels of abortion of up to 100%
(Anyamba et al., 2012). Young animals are most at risk, as are high
yielding, non-native varieties of livestock (Chevalier et al., 2004). In
humans, RVF often presents as moderate to severe, non-fatal fever
(Gerdes, 2004), although the vast majority of infections remain unap-
parent. Up until recent outbreaks, less than one percent of infected
humans developed the more severe hemorrhagic and/or encephalitic
forms of the disease. As there is no cure, management of RVF cases has
been through supportive therapy (Pawseka and van Vuren, 2013),
although preventative vaccinations exist for livestock (Glyn Davies and
Martin, 2006).

This paper provides a preliminary assessment of the future risk of
RVF within eastern Africa (more specifically, the EAC region). Leedale
et al. (2016) describe development of a dynamic, process-based, cli-
mate-driven model for RVF (the Liverpool RVF, or LRVF, model) through
HEALTHY FUTURES. The LRVF model, described in more detail below,
is used in the current paper: output from the model is in the form of cli-
matically driven, spatially and temporally varying estimates of the ento-
mological inoculation rate (EIR), a commonly used measure of the
intensity of transmission of a VBD, for a livestock host. Combining the
estimates of EIR with determinations of levels of current social vulner-
ability to RVF in the EAC, using a technique similar to that described in
Kienberger and Hagenlocher (2014), provided a means of assessing
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projected differences in risk and a basis for comparison with the cur-
rent situation. Changes in the distribution and extent of hotspots of
relatively high risk are discussed. The results are used as a basis for
looking beyond HEALTHY FUTURES, both geographically and into the
future.

Materials and Methods

Study area

The study area incorporated the eastern African countries that com-
prise the EAC (the republics of Burundi, Kenya, Rwanda and Uganda
and the United Republic of Tanzania). Regional cooperation to ensure
a completely healthy society within member states challenged by envi-
ronmental and economic transformatios is a key component of the
(currently being finalised) Protocol on East African Community
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Regional Cooperation on Health. The study area serves as a useful
basis for a combined approach to assessing the effects on VBDs of envi-
ronmental, socio-economic and demographic conditions. A range of
altitude- and latitude-related environmental conditions, including
extensive highland areas and a lowland coastal plain, and a range of
humidity, from more or less permanently humid highlands to arid and
semi-arid plains, are present, as are large freshwater bodies and exten-
sive wetlands. A broad range in environmental conditions is matched
by a rich diversity of cultures, and unevenness in the distribution of
settlements, economic activities and investment in health. Many peo-
ple in rural areas (rural population densities in some parts of the study
area are among the highest in the world) engage in food production
practices that are highly sensitive to climate variability and change and
are often distant from health and veterinary services. There are no
reports of epizootic outbreaks of RVF in EAC countries outside Kenya
and Tanzania, although recent work by Magona et al. (2013) suggests
that RVFV is endemic in goats in Uganda.
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Figure 1. Distribution of main outbreaks of Rift Valley fever (dark shaded areas), based on World Health Organization (2009).
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Determining risk

Risk is viewed in the current research as a combination of hazard
(i.e. spatially varying, climatically-driven estimates of the EIR for RVF)
and the vulnerability of the population in affected regions (Kienberger
and Hagenlocher, 2014; Hagenlocher and Castro, 2015).

The LRVF model follows a deterministic compartmental approach to
the epidemiology of RVF and is based on the Liverpool malaria model
(LMM), developed initially by Hoshen and Morse (2004). The model
was parameterized based on information gained from eastern Africa,
mainly from existing published sources but also on the basis of results
of surveys carried out in Ijara District in Kenya as part of HEALTHY
FUTURES (Bett et al., 2013). As Leedale et al. (2016) stress, eastern
Africa proved an ideal site for LRVF model development, because of the
relatively long history of the disease and the wide range of environ-
mental conditions represented in the region.

The LRVF model takes into account the two main mosquito vectors
for RVF at the generic level (i.e. Aedes spp and Culex spp.), and differ-
ences in transmission characteristics between mature and immature
host livestock. The latter is important because immature livestock
infected with RVFV tend to have a much higher mortality than older
animals. Vector and host populations are divided into several classes in
the model, based on their infection status. These classes include a
recovered (R) class, with recovered hosts maintaining lifelong immu-
nity (Wilson, 1994). The LRVF model does not consider RVFV transmis-
sion among human hosts, focusing instead on outbreaks of RVF in live-
stock. The model does, however, accommodate sensitivity to variations
in daily temperature and precipitation exhibited by the vector compo-
nent, notably the production and laying of eggs, development of larvae,
and biting frequency and daily survival probability of mosquitoes.
Variations in climate data are input to the model in gridded form.
Model output is in the form of a map indicating spatial differences in
susceptibility to RVF as a result of the input climate conditions and pre-
dicted livestock immunity. The highly episodic nature of outbreaks of
RVF together with the involvement of two vectors complicates the selec-
tion of an acceptable metric of susceptibility. Here we used spatially
explicit estimates of EIR as the outbreak metric from the LRVF model.

Climatically sensitive, transmission relevant components of the
LRVF model were in this case driven by bias corrected output (projected
climate data) from separate runs of five downscaled Global Circulation
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Models (GCMs) from the Inter-Sectoral Impact Model Intercomparison
Project (ISI-MIP) (Warszawski et al., 2014). The GCMs were driven by
two of the four representative concentration pathway (RCP) scenarios
referred to in the latest, the 5th, Assessment Report of the
Intergovernmental Panel on Climate Change (IPCC) (Burkett ef al.,
2014). The two RCPs selected, RCP4.5 (radiative forcing peaking at 4.5
W m2by 2100, and known as the lower stabilisation scenario) and RCP
8.5 (radiative forcing at 8.5 W m2 by 2100 owing to very high green-
house gas (GHG) emissions that are still on an upward trajectory by the
end of the current century), accommodate a range of plausible future
GHG emission and land use changes and are thus expected to be of use
in forward planning aimed at mitigating impacts (van Vurren et al.,
2011).

Although the LRVF model distinguishes between the modes of trans-
mission and breeding ground preferences for the two principal mosqui-
to vectors involved in RVFV transmission, only the modeled EIR for
Culex spp. is considered here. This is because a large spike in EIR asso-
ciated with Culex spp., as the amplifying vector, likely represents an
epizootic event (Leedale et al., 2016). Three time periods were simulat-
ed using LRVF and climate change data: 1980-2010 (equates to the
present) and 2011-2050 (mid-century) and 2051-2099 (end of century).
Here changes in EIR for Culex spp. are assumed to represent differ-
ences in epizootic susceptibility as determined by climate, or the poten-
tial for an outbreak of RVF. A peak detection method was formulated for
all model variables based on upper quartile threshold values for 1980-
2010 (based on annual means). This provided us with a quantifiable
metric that allows comparisons of relative peak (or event) frequencies
of a particular variable over time. The upper quartile range was used to
identify relative peaks, thus allowing the proportion of relative peak
years in each period to be plotted for each spatial grid-point (e.g. Figure
2). The current work follows previous assessments of risk and vulnera-
bility associated with VBDs (e.g. Dickin et al., 2013; Kienberger and
Hagenlocher, 2014; Hagenlocher and Castro, 2015) in equating social
vulnerability in the health domain to the predisposition of a population
to the burden of disease, a definition that encompasses more specifi-
cally the sub-domains of susceptibility and the lack of resilience. Social
vulnerability in the sense adopted here extends beyond the exposure to
disease to include the ability to anticipate, cope with and recover from
outbreaks (Kienberger and Hagenlocher, 2014). Moreover, owing to the
difficulty of projecting socio-economic data, and thus vulnerability, in a

Table 1. Indicators of social vulnerability to Rift Valley fever in East African Community countries.

SUS Tropical livestock unit 2006 0.00833 degrees + 0.1679 FAO
Aridity index 2009 0.00833 degrees + 0.1419 CGIAR CSI
Number of people living on less than 2 US$ per day 2010 2.5 arc-minutes + 0.2228 CGIAR CSI

C2A Secondary/higher education (%) 2007/08 Point layer - 0.0522 DHS
Knowledge/experience with RVF 2014 Point layer - 0.1717 FAO EMPRES-AH
Households with radio (%) 2007/08 Point layer - 0.0626 DHS
Households with mobile phone (%) 2007/08 Point layer - 0.0418 DHS

C2C Travel time to urban centers 2010 Point layer + 0.0695 OSM, ESA
(proxy for distance to markets) GlobCover, SRTMv4
Distance to road networks 2010 Line layer + 0.0695 OSM, ESA

GlobCover, SRTMv4

SUS, generic susceptibility; FAO, Food and Agriculture Organization of the United Nations (http/www.fao.org/home/en/); CGIAR-CSI, Consultative Group for International Agricultural Research-Consortium for Spatial
Information (http:/www.cgiar-csi.org/); C2A, lack of capacity to anticipate; DHS, Demographic and Health Surveys Programme of USAID (http/Awww.dhsprogram.com/); RVE, Rift Valley fever; FAO EMPRES-AH, FAO
Emergency Prevention System of Animal Health (httpz//www.fao.org/ag/againfo/programmes/en/empres/home.asp); C2C, lack of capacity to cope; OSM, Open Street Map
(https:/www.openstreetmap.org/#map=>5/51.500/-0.100); ESA GlobCover, European Space Agency Global Cover Portal (http:/due.esrin.esa.int/page_globcover.php); SRTMv4, Global Elevation data from the NASA Shuttle
Radar Topography Mission, version 4 (post September 2008) (http:/www2.jpl.nasa.gov/srtm/). Indicators and their weightings determined through discussions with 24 domain experts in the region. °Initial resolution
refers to the spatial resolution of the original datasets (i.e., before the data was resampled to 10 x 10 km? grids); *sign indicates whether increased indicator values translate into increased (+) or reduced (-) risk.
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spatially explicit manner into the future, estimated differences in vul-
nerability within the study area were held constant over the period of
interest (the current century). In order to map spatial variations in pre-
disposition to RVF a set of indicators of vulnerability first had to be
agreed upon, quantified (if necessary), weighted and rendered suitable
for incorporation in a spatially explicit vulnerability index for subse-
quent mapping. The list, quantification and weighting of indicators

Longitude °

Latitude °

Longitude °

were arrived at through consultations with 24 RVF experts in eastern
Africa. A total of nine indicators was selected and divided into three cat-
egories corresponding to different components of vulnerability (Table 1):
generic susceptibility underpins general predisposition of livestock to
the disease, whereas the capacity to anticipate and cope with RVF out-
breaks determines resilience. The consultations generated much dis-
cussion, particularly around the relative importance of the nine vulner-

Longitude °

Figure 2. Changes in Culex entomological inoculation rate (EIR) peak frequency (proportion of peak years per period) in eastern Africa
as projected by the Liverpool Rift Valley fever model driven by the global climate model, Geophysical Fluid Dynamics Laboratory-
Earth System Model 2M. Differences in Culex EIR peaks are shown between 2011-2050 and 1980-2010 for representative concentra-
tion pathway (RCP)4.5 (A) and RCP8.5 (C), and between 2051-2099 and 1980-2010 for RCP4.5 (B) and RCP8.5 (D). By definition,
the proportion of EIR Culex peak years during the baseline period (1980-2010) is 0.25.
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ability indicators. Investigating the sensitivity of the risk assessment to
variations in the weightings attributed to vulnerability indicators
would be an interesting and worthwhile development of the work pre-
sented here, and provide a valuable insight into uncertainty.
Rendering of indicators prior to mapping included the interpolation
of point data using kernel density estimators for demographic and
health survey data, resampling to a grid of 10 km x 10 km, the identifi-

A

Latitude °©

30 35 40
Longitude °

Latitude °

30 35 40
Longitude °

@

cation and imputation of missing data, the detection and treatment of
outliers and finally the reduction of multi-collinearities in the data
(Kienberger and Hagenlocher, 2014). Mapping of homogenous spatial
units of social vulnerability was based on the concept of integrated
geons, a method for delineating and classifying homogenous spatial
objects based on a set of multivariate gridded datasets (the integration
of a set of multivariate gridded datasets through regionalization (Lang

\ = 0.5
30 35 40
Longitude °

30 35 40
Longitude °

Figure 3. Changes in mean tem{)erature (°C) for eastern Africa as projected by the global climate model, Geophysical Fluid Dynamics

Laboratory-Earth System Mode

2M. Differences in mean temperature are shown between 2011-2050 and 1980-2010 for representative

concentration pathway (RCP)4.5 (A) and RCP8.5 (C), and between 2051-2099 and 1980-2010 for RCP4.5 (B) and RCP8.5 (D).
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et al., 2014). Being independent of a priori defined geographies, this
approach better reflects the transboundary nature of RVF risk as com-
pared to risk assessments based on administrative units. Spatially spe-
cific estimates of risk were determined from the geometric mean of
normalized levels of hazard (EIR) and social vulnerability, both of
which were given equal weight due to the absence of empirical rela-
tionships between these components and RVF risk.

Latitude °

'
LV

Longitude °

Results

For brevity, Figures 3-5 show output from one of the five GCMs used
in the current research (Geophysical Fluid Dynamics Laboratory-Earth
System Model 2M, gfdl-esm2m). The results described below should
therefore be considered as demonstrative of the type of projected out-

Longitude °

Figure 4. Changes in mean daily rainfall (mm day!) for eastern Africa as projected by the global climate model, Geophysical Fluid Dynamics
Laboratory-Earth System Model 2M. Differences in mean rainfall are shown between 2011-2050 and 1980-2010 for representative concen-
tration pathway (RCP)4.5 (A) and RCP8.5 (C), and between 2051-2099 and 1980-2010 for RCP4.5 (B) and RCP8.5 (D).
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Figure 5. Changes in mean entomological inoculation rate (EIR) (number of infectious bites per animal per day) for Culex spp. in east-
ern Africa as projected by the Liverpool Rift Valley fever model driven by the global climate model, Geophysical Fluid Dynamics
Laboratory-Earth System Model 2M. Differences in mean Culex EIR are shown between 2011-2050 and 1980-2010 for representative
concentration pathway (RCP)4.5 (A) and RCP8.5 (C), and between 2051-2099 and 1980-2010 for RCP4.5 (B) and RCP8.5 (D). Mean
Culex EIR for the baseline period (1980-2010) is also shown (E).
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comes a complex dynamic model, such as the LRVF, can produce, as
well as an example of how such a model can add insights to the under-
lying processes of RVFV transmission.

Climate output from the ensemble of five downscaled GCMs for three
time periods [1980-2010 (baseline), 2011-2050 and 2051-2099] for
RCP4.5 and RCP8.5 suggest warming throughout the region. More vari-
ability is evident in changes in mean precipitation. Generally rainfall
levels are higher throughout much of eastern Africa by 2051-2099, par-
ticularly for RCP8.5, while mean precipitation is projected to fall in the
central part of the Great Rift Valley (RCP4.5) and southwestern

30°Q0°E

Tanzania (RCP4.5 and RCP8.5). Simulated changes in EIR for Culex
spp. at baseline show greatest differences corresponding with the
Great Rift Valley in Tanzania and Kenya for both RCPs. Thus the loca-
tion of projected hotspots is in broad agreement with the main foci of
past RVF outbreaks in eastern Africa, including the major one in
September 2006-May 2007 (Anyamba et al., 2012). Relatively high lev-
els of change in EIR at baseline also occur to the west of Lake Victoria,
in western Uganda and into Rwanda and Burundi. The baseline distri-
bution is thus similar to that predicted for Culex pipiens complex,
closely linked with explosive RVF outbreaks in endemic areas (Mweya

40°00'

350qIDIIE-
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Figure 6. Spatially varying vulnerability to Rift Valley fever in East African Community countries, based on nine indicators of social
vulnerability. Note that vulnerability was held constant over time for this analysis.
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et al., 2015), on the basis of a statistical model (Mweya et al., 2013),
and provides further evidence that the hazard of RVF outbreaks in east-
ern Africa extends beyond current epizootic limits. Projected EIR
remains relatively stable to 2050 when compared with baseline, even
declining in central/eastern Uganda (RCP4.5), before increasing by
century end. Positive changes in EIR are most evident to the west of
Lake Victoria (Burundi, Rwanda and western Uganda) and in western
Kenya, and especially for RCP8.5 by century end, and presumably
reflect the movement of RVFV into previously cooler higher altitude
parts of the region and its circulation among naive populations.
According to the indicators and expert weights used, greatest social
vulnerability to RVF is distributed around the southern, western and
northern peripheries of the study area (Figure 6). This is because, in
general, levels of income and education and ease of access to markets
and information are greatest in central and eastern parts.
Predisposition to RVF is greatest in the northern extremities of the
EAC, generally where the borders of northeastern Uganda, northwest-
ern Kenya and South Sudan meet, because of the co-occurrence of
highly seasonal rainfall, relatively high densities of livestock, high lev-
els of poverty and poor infrastructure, including health services.
Capacity to anticipate and ability to cope with RVF outbreaks follows a

2

S ~z-

similar pattern of distribution to overall social vulnerability, with cen-
tral and eastern parts of the region being advantaged by access to infor-
mation, infrastructure and a familiarity with the disease. Baseline risk
of RVF outbreak has a similar distribution to social vulnerability and is
greatest in an arc around the western, northern and eastern shoreline
of Lake Victoria that incorporates Burundi, Rwanda, northwest
Tanzania, central and southern Uganda and western Kenya (Figure 7).
Land bordering the northern tip of Lake Malawi in southern Tanzania
is also a risk hotspot. The pattern of variation in risk is generally
repeated for RCP4.5, although the risk declines in the western part of
the region, particularly across southern and central Uganda, and
increases around the Great Rift Valley in central Kenya. For RCP8.5,
patterns and variations similar to those for RCP4.5 are evident,
although by end of the century the risk has expanded again in central
and southern Uganda. Moreover, when compared with projections for
RCP4.5, the risk is greater around the Great Rift Valley in central and
particularly western Kenya. Projected risk remains relatively high
throughout the present century for both RCP4.5 and RCP8.5 around the
Western (Albertine) Rift in Burundi, Rwanda and southwestern
Uganda, however.

Figure 7. Plots of projected risk of Rift Valley fever outbreak among livestock in East African Community countries for three time peri-
odil:l 2006-2015 (baseline), 2046-2055 (mid-century) and 2086-2095 (end of century) for two representative concentration pathways
(RCPs) (RCP4.5 and RCP8.5). Risk maps are a combination of projected mean entomological inoculation rate for Culex spp. for a par-
ticular time period and assessment of vulnerability.
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Discussion

Although preliminary, the analysis of projected risk of RVF outbreak in
countries comprising the EAC, using datasets and modeling and assess-
ment tools developed through the HEALTHY FUTURES project, described
in this paper highlight potentially significant spatial and temporal pat-
terns. Spatial variations in risk, and particularly the boundaries of risk
hotspots, are evident over the current century, driven by projected
changes in climate. Generally the variations are more profound, and the
areas of greatest risk most extensive, under the more extreme climate
change scenario (represented by RCP8.5). The risk of outbreak is rela-
tively high for the westernmost part of the EAC, comprising the generally
undulating highlands of Burundi, Rwanda and southwestern Uganda
associated with the Western Rift Valley, irrespective of scenario. This
part of the region, which borders the Democratic Republic of the Congo
(DRC), has yet to report an epizootic of RVE Current conditions would
appear to support an outbreak, and the possibility of one occurring is
likely to increase as a result of climate warming, and with increases in
trade (and movements of people and livestock) with other parts of the
EAC and with the DRC to the west.

Outbreaks of RVF can have severe socio-economic impacts on liveli-
hoods and nutritional security among communities where resilience is
already low (Dar et al., 2013b). In addition to impacting pastoralists,
RVF also effects those who work in the livestock supply chain and other
parts of the wider economy, as restrictions on the movement of animals
and a cessation of trade arising from outbreaks can disrupt livelihoods
(Rich and Wanyoike, 2010). For example, outbreaks of RVF in
1996/1997 and 2000 led to bans on the export of live animals that had
devastating economic impacts in northeastern Africa (Dar et al,
2013b). Losses following the 2000 outbreak are estimated to have
exceeded US$ 130 million in the Somali region in Ethiopia alone (Rich
and Wanyoike, 2010), while Dar ef al. (2013a) speculate on the wider
impacts on already impoverished individuals and communities in war-
torn Somalia of the opportunity costs of repeated trade bans and
restrictions on animal movements. The RFV outbreak in late 2006 and
early 2007 led to more than 300 deaths amongst the human population
in Kenya and Tanzania, major disruptions to livelihoods and additional
pressures on over-stretched public and veterinary health services, with
already economically marginalised pastoralist communities in the
Northeastern Province of Kenya particularly badly affected (Jost et al.,
2010; Rich and Wanyoike, 2010). The mortality rate among confirmed
human cases was around 16% in one study, with more cases and deaths
among males than females, with the majority of those infected for
whom occupation information was available having a history of direct
contact with sick animals or their products (Nguku et al., 2010).

Outbreaks of RVF can also further deepen the vulnerability of impacted
communities and their livestock. High rainfall associated with outbreaks
in eastern and southern Africa also generally leads to improved conditions
for grazing. Epizootics of RVF thus generally occur when livestock, well
fed on abundant forage, would normally be expected to attract high prices
at market. Because trade is severely restricted during outbreaks, herders
are unable to generate income from their livestock to pay back any debts
accrued during previous periods of drought and limited pasture, leading
to increased borrowing and levels of destitution (Muga et al., 2015). The
long period between outbreaks and the rapid rate of spread within an area
once an outbreak is underway reduces the efficacy of vaccination pro-
grammes. Aside from this, the prolonged inter-epizootic periods are char-
acterized by a loss of collective memory of the disease, and early warning
signals, and by a switching of scarce health resources to what are seen as
more pressing problems (Martin et al., 2008).
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First recorded at the beginning of the 1930s, following investigation
of an outbreak among sheep on a farm near Naivasha, Kenya, in the
Great Rift Valley (Daubney et al., 1931), RVFV may have been circulat-
ing in sub-Saharan Africa since at least the late 19th century (Glyn
Davies, 2010). According to Pépin et al. (2010), changes in food produc-
tion during the colonial period, in the form of the introduction of high
yielding livestock from Europe that was also highly susceptible to RVFV,
may have triggered establishment and spread of the disease that was
until that point largely restricted to wildlife. As such, RVF — and before
RVF major epidemics of African trypanosomiasis (African sleeping
sickness) during the late 19™ and early 20 centuries (Ford, 1971) —
could be viewed as unforeseen negative health effects of development-
driven changes in socio-economic and environmental conditions
(Hughes and Hunter, 1970; Stock, 1986). Similarly, the introduction of
irrigated agriculture, aimed at alleviating poverty and boosting nutri-
tional security, has negatively impacted health in some areas, e.g.
Ethiopia (Kibret et al., 2014), by bringing about an increased incidence
of malaria — the so-called paddies paradox (Ijumba and Lindsey, 2001).
Often these negative health effects of development are temporary
(Baeza et al., 2013), as the associated increased wealth as a result of
raised agricultural productivity eventually bring about improvements in
nutrition, housing, sanitation, education and access to health services.
The pathogenic landscape may be more resistant to positive changes in
the case of the communities impacted by RVF outbreaks, however. This
is because the negative effects extend beyond human health to also
affect, directly, livelihoods. Thus, by impacting the production and trade
in products from potentially high-yielding livestock RVF not only jeop-
ardises the means of economic recovery and development, but can also
lead to greater levels of indebtedness and marginalization of already
highly vulnerable communities (Murithi et al., 2011).

Explosive outbreaks of RVF may be linked to limited levels of develop-
ment, in the form of the acquisition of introduced breeds of highly sus-
ceptible cattle, sheep and goats that have then provided suitable condi-
tions for the rapid amplification of the RVFV in hosts and vectors, aimed
at communities with low resilience. Moreover, the limited flight capacity
of the main arthropod vectors (Chevalier et al., 2004) means that the
expansion of the disease since the early 20t century in Africa is most
likely due to the movement of infected livestock. These characteristics
not only reinforce the importance of considering in any assessment of
current and future risk the pathogenic landscapes within which RVF is
maintained and outbreaks periodically occur, they also have profound
implications for the distribution of risk to the disease in the EAC evident
in the research presented here. Thus one of the areas of consistently
high risk of RVF, highlighted in the current research, is the westernmost
part of the region. Cattle form an important part of the economy on the
rolling hills of Burundi, Rwanda and southwestern Uganda. Conditions
appear suitable for the transmission of RVF, as they do farther to the west
in the DRC. With time, and as a result of projected warming and increas-
es in rainfall, the area of suitable habitat is likely to increase through
extension to higher altitudes. Major outbreaks of RVF may be unknown
in this part of the EAC simply because of its isolation and a history of
reliance on relatively small herds of indigenous varieties of livestock.
These factors appear to be changing too, however, which could increase
the risk of future outbreaks still further. As economic integration within
the EAC progresses and as political stability slowly returns to eastern
DRC, movements of people and livestock within and between countries
in central and eastern Africa will increase. Furthermore, initiatives such
as the one cow per poor family have led to the distribution of large num-
bers of high yielding livestock to householders over the last decade or so,
more than 130,000 since 2006 in Rwanda alone (Argenta et al., 2014).
Many of these animals are housed close to where people are living, often
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sharing the same compound, and are zero-grazed (fed on fodder). As a
result human-livestock contact is increased, as is the risk of zoonotic
infections.

Conclusions

One of the main aims of HEALTHY FUTURES was the development
of decision support frameworks (DSFs) that could maximise benefits
from improved anticipations of projected environmental change-driven
health impacts in the EAC. There are clear limitations in the approach
and results presented in this paper. One set of factors limiting utility of
the results are the uncertainties that are propagated through the dif-
ferent steps of the process, from projecting future climate to combining
future disease hazard with spatial variations in estimates of vulnerabil-
ity. In particular, the analysis is mainly based on the use of a single
GCM, implying that no assessment of uncertainty due to the model for-
mulation is possible. Likewise, a single ensemble member also pro-
hibits any inclusion of initial condition uncertainty. The work
described in this paper therefore represents a pilot demonstration of
the approach of coupling dynamical modeling and vulnerability assess-
ment frameworks to project disease risk. The intention is to expand the
approach in future to include a more comprehensive treatment of
uncertainty. Another issue that requires additional research is our
inability, at present, to include in the analysis projections of future vul-
nerability in the study region together with their associated estimates
of uncertainty. Notwithstanding these caveats, and in the absence of
alternatives, results from HEALTHY FUTURES such as those presented
here have already started to contribute to a process of developing and
refining a DSF for RVFE. This process involved collaboration with repre-
sentatives of human and animal health agencies, both governmental
and non-governmental, in EAC countries, and has sought to support a
more anticipatory and participatory response to epizootics than has
generally been the case to date (and see Gachohi et al, 2012).
Hopefully this collaboration with practitioners will continue in the
future, with scientific findings from the project providing a basis for
supporting actions on the ground. Moreover, the risk of RVF is trans-
boundary and not limited to the EAC region, while member states of the
EAC are not invulnerable to the spread or re-emergence of infectious
diseases originating in other parts of Africa or indeed elsewhere in the
world as a result of increasing mobility, including air travel. Improving
the quality of inputs to the risk-based approach, and extending the
approach to a larger geographic area (as envisaged during the initial
conceptualization of HEALTHY FUTURES), will be important develop-
ments of the research and results presented in this paper.
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